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a b s t r a c t

Nitrogen partitioning and utilization can partly control plant productivity. This study was conducted to
estimate dry matter (DM) and N partitioning parameters in corn (Zea mays L.) as affected by N source,
N timing, and crop rotation. We quantified yield by combine, aboveground DM accumulation [residues
(stalk + cob) and grain], and C and N concentrations at growth stage R6 of corn continuously cropped (CC)
or in rotation with soybean [Glycine max (L.) Merr.] (CS) and fertilized with side-dressed urea-ammonium
nitrate (UAN) or with liquid swine manure applied in either spring (SM) or fall (FM). Of the assessed
N partitioning parameters, N utilization showed the highest association with yield (r = 0.94***). Across
treatment means, 72% of these increases in N utilization could be attributed to increases in N uptake.
arvest index
rop rotation
wine manure

On the contrary, N harvest index (NHI) exhibited nearly constant values across experimental units, and
therefore, NHI showed a minor relative contribution to variations in N utilization, thus supporting the
basic premise of low NHI dependency on environment or management. Both N uptake and N utilization
were driven by type of N addition (UAN > manure). Also, corn N utilization and yield were greater (10–13%)
within the corn–soybean rotation, suggesting that a shift in land use from crop rotations into more
continuous corn due to increasing demand for corn grain may impose additional challenges for enhancing

tainin
plant N nutrition and sus

. Introduction

Achieving and sustaining optimum yield is a continuous chal-
enge in agricultural systems. To meet these crop productivity goals
s nowadays becoming even more complex due to the increas-
ng interest in using plant residues for biofuel production and its
otential repercussions on nutrient cycling and partitioning. One
pproach for pursuing an overall, superior efficiency of produc-
ion systems is by developing and effectively using an enhanced
nderstanding of plant partitioning processes (e.g., DM and nutri-
nt allocation into grain) (Rajcan and Tollenaar, 1999; Kumudini
t al., 2001; Worku et al., 2007; Dordas, 2009).

Work by Worku et al. (2007) in N-limited soils supports N
tilization as a key driver of crop response and efficiency. How-

ver, current knowledge is limited with respect to the underlying
echanisms controlling plant partitioning including N utiliza-

ion. As suggested by Rajcan and Tollenaar (1999) and Kumudini
t al. (2001), controls on plant N partitioning process may be
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revealed by examining the relative contribution of N uptake and
NHI to N utilization. Nonetheless, the majority of the existing
reports concerning N partitioning focus mostly on genetic improve-
ment employing one-single N management (Kumudini et al., 2001;
Worku et al., 2007). Indeed, to date few studies (Loecke et al., 2004;
Kwaw-Mensah and Al-Kaisi, 2006; Dordas, 2009) have focused
on the impacts of diverse N management on plant partitioning
parameters such as HI and/or NHI. Moreover, none of these exist-
ing reports have assessed the comparative effects of various crop
rotations, N sources, and manure timings on corn N partitioning
parameters. Thus, the objective of this study was to assess the
effects of crop rotation, N source, and N timing on N partitioning
parameters and associated yield response in corn cropping systems.

2. Materials and methods

2.1. Site and treatment descriptions
This study was conducted at the Purdue University Agronomy
Center for Research and Education, West Lafayette, Indiana (lat
40◦ 29′ 55.20′′ N and long 86◦ 59′ 53.23′′ W, 215 m elevation). The
soil series are Drummer silty clay loam (fine-silty, mixed, superac-
tive, mesic Typic Endoaquoll) and Raub silt loam (fine-silty, mixed,

dx.doi.org/10.1016/j.eja.2010.12.002
http://www.sciencedirect.com/science/journal/11610301
http://www.elsevier.com/locate/eja
mailto:Guillermo.Hernandez@plantandfood.co.nz
dx.doi.org/10.1016/j.eja.2010.12.002
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uperactive, mesic Aquic Argiudoll). The mean air temperature and
nnual precipitation at the site are 12 ◦C and 950 mm, respectively
data from 1977 to 2006).

This experiment was arranged in a randomized complete block
esign with four replicates. Plots were 10 m wide and 48.5 m long.
lots were drained with plastic tile lines installed at a depth of 0.9 m
ith a spacing of 10 m. The treatments included a corn–soybean

otation with sets of experimental plots for both crops (corn: CS
nd soybean: SC) in any given year, and continuous corn (CCs).
he N sources for corn were urea-ammonium nitrate 28% N (UAN)
ide-dressed at corn growth stage V5 at rates of 157 kg N ha−1 yr−1

or CC and 135 kg N ha−1 yr−1 for CS, and liquid swine manure
C/N ratio: 2:1, 80% of N as NH4

+) injected into CC at a rate of
55 ± 24 kg N ha−1 yr−1 in either the spring [spring manure (SM)] or
he fall [fall manure (FM)]. The five treatments were CCSM, CCFM,
CUAN, CSUAN, and SC. Both UAN and manure were placed at a
epth of 0.10 m in the soil by mechanic knife and injector, respec-
ively.

Tillage operations were chisel in the fall and chisel plus disk in
he spring for all cropped plots, except that SC and CCFM experi-

ental plots did not receive fall chisel tillage. Corn (Z. mays) hybrid
5737CL and soybean (G. max) B323 were typically planted in early
ay at a population density of 73 142 and 469 490 seeds ha−1,

espectively. Survival rate of corn plants at maturity was 87 ± 1%

n this study. Typical dates for corn R1 growth stage were on 25
uly 2005 and 27 July 2006, for soybean R1 growth stage were at
7 July 2005 and 12 July 2006; and soybean R5 growth stage were
6 Sep. 2005 and 2 Sep. 2006. Soils were tested each fall for gen-
ral fertility using recommended protocols, and results indicated
oil P, K, and pH were non-limiting. Further information about the
xperiment management can be found in Hernandez-Ramirez et al.
2009a,b).

.2. Plant samples collection, partitioning, and analyses

Corn yield was monitored from 1999 to 2006 in the four mid-
le rows (i.e., 3 m wide) of each experimental plot using a plot
ombine with weighing wagon. Corn stalks (n = 10 plants per plot)
ere regularly collected at plant maturity during these experi-
ental years. Additionally, aboveground plant materials (i.e., 16

lants per plot) were also collected in the years 2005 and 2006
o assess DM and N accumulation and partitioning at plant matu-
ity. As Liu et al. (2004), entire corn plants from random positions
ithin the four middle rows in each experimental plot were cut

y hand at the soil surface level at growth stage R6 on 11 Oct.
005 and 26 Sep. 2006. The sampling area was bordered by four
ows on each side and at least 2 m border area within the rows
t each end of every experimental plot. Samples were handled to
void any contamination with soil particles. Samples were dried
or 72 h at 60 ◦C in a forced air oven; weights were recorded before
nd after drying to estimate DM. Dried plants were separated into
talks (including tassel, leaves, and husk) and ears (grain and cob),
nd subsequently, ears were hand shelled to separate grain from

fNHI = ln
ln[100 × (Nuptake1 − Nup
he cobs.
Aboveground DM and population count in SC were also deter-

ined at the R5 growth stages on 16 Sep. 2005 and 2 Sep. 2006 from
hree random positions (0.38 m2) within each plot. Grain yield by
ombine was also quantified in SC.
. Agronomy 34 (2011) 190–195 191

Plant materials were ground in a UDY mill (UDY Corp., Ft. Collins,
CO) to pass through a 0.5 mm screen, stored at room temperature,
and subsequently analyzed by dry combustion using approximately
0.07 g of plant material and employing a Leco CHN 2000 (Leco Corp.,
St. Joseph, MI) equipped with infrared cell and thermal conductivity
detectors for C and N concentrations, respectively.

2.3. Data analyses

Masses of plant materials were expressed on DM basis. Corn
grain harvested by combine was adjusted to a water content of
155 g kg−1. Masses of stalk and cob parts were added, and these
values were reported as aboveground corn residue. Subsequently,
C and N content data were used to calculate N masses and C/N ratios
in each plant part. Two different harvest indexes (HI; dimension-
less) were calculated to estimate aboveground partitioning for both
DM and N as follows:

DMHI = GDM

ABDM
(1)

NHI = GN

ABN
(2)

where G is grain and AB is total aboveground biomass.
We separated the relative contribution of both aboveground N

partitioning (NHI) and aboveground plant N uptake (Nuptake) to
N utilization after Kumudini et al. (2001). Fractional aboveground
NHI contribution (fNHI) can be expressed as follows:

× (NHI1 − NHI0)/NHI0]

0)/Nuptake0] + ln[100 × (NHI1 − NHI0)/NHI0]
(3)

where the subscripts 0 and 1 indicates incremental change for
each variable at lower and higher values, respectively. Fractional
aboveground plant N uptake contribution (fNuptake) was directly
calculated as follows:

fNuptake = 1 − fNHI (4)

We examined the relationships among variables by Pearson
Product Moment Correlations (r). Treatment effects were assessed
by analysis of variance (ANOVA) models (PROC GLM) followed by
Tukey Honest Significant Distance (HSD) and pre-selected contrasts
tests for multiple treatment mean comparison. Statistical analyses
were performed using SAS 9.1 (SAS Institute, 2002) at a critical level
of 0.05.

3. Results

3.1. Corn DM, N accumulations, and HIs

On the basis of 4-yr means (1999–2002), we found significant
treatment differences in corn yield, N mass accumulated in grain,
and N concentration in stalks (Table 1). Manure treatments (CCFM
and/or CCSM) typically exhibited inferior performance than CSUAN.
These patterns became more evident in the later years of the exper-
iment [i.e., 2001, 2002 (Table 1); 2005, 2006 (Table 2)] perhaps
suggesting incremental carry over effects with time. For exam-
ple, yield and grain mass were 7–15% lower for CCFM than for the
average of the other treatments based on the 2-yr means (Table 2).

Total aboveground N uptake (N grain + residue N accumula-
tion) was significantly higher in treatments receiving UAN than
in manured treatments (Table 2). Likewise, N utilization was 11%
higher in the corn phase of the corn–soybean rotation (CSUAN) than

in continuous corn (P = 0.024) as well as 12% higher in treatments
receiving UAN vs. manure as N source (P = 0.003) based on contrast
tests. In addition, we observed strong Pearson correlations between
DM grain and both N utilization (r = 0.94, P < 0.001; Fig. 1A) and N
uptake (r = 0.92, P < 0.001; Fig. 1B).
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Table 1
Corn yield, total N concentration and N mass exported in harvested grain, and total N concentration in stalk (growth stage R6) for four experimental years.

Treatment or statistic Experimental year 4-yr mean

1999 2000 2001 2002

Yielda

Mg ha−1 yr−1

CCSM 7.23 6.68 7.37 bb 8.44 b 7.43 b
CCFM 7.95 7.67 6.94 b 8.01 b 7.64 b
CCUAN 7.39 7.62 8.72 ab 9.01 b 8.19 ab
CSUAN 8.66 7.86 9.58 a 10.26 a 9.09 a

Mean 8.03 7.74 9.15 9.64 8.64
CV, %c 17.1 12.1 14.9 10.4 10.2
P > F¶ NS NS <0.001 <0.001 <0.001

Grain N content
g N kg−1 DM

CCSM 13.4 13.1 12.6 14.5 13.4
CCFM 14.1 12.9 12.1 12.5 12.9
CCUAN 12.2 13.6 13.6 14.1 13.3
CSUAN 13.4 13.1 12.8 14.2 13.4

Mean 12.8 13.3 13.2 14.1 13.4
CV, %c 7.3 3.4 5.7 9.2 3.4
P > F¶ NS NS NS NS NS

N mass in grain
kg N ha−1 yr−1

CCSM 81.7 73.9 78.1 b 103.2 ab 84.2 b
CCFM 90.9 83.9 71.2 b 85.2 b 82.8 b
CCUAN 75.7 87.3 100.4 a 107.2 ab 92.6 ab
CSUAN 108.7 87.2 103.2 a 123.2 a 105.6 a

Mean 92.2 87.3 101.8 115.2 99.1
CV, %c 13.6 13.2 17.4 15.5 11.8
P > F¶ NS NS <0.001 <0.001 <0.001

Stalk N content
g N kg−1 DM

CCSM 10.7 9.2 7.7 ab 7.6 a 8.8
CCFM 9.9 9.2 6.9 b 5.9 b 8.0
CCUAN 9.4 10.5 9.1 a 7.2 a 9.0
CSUAN 9.9 8.8 8.8 ab 8.0 a 8.5

Mean 9.0 10.0 8.5 7.5 8.8
CV, %c 11.2 7.9 10.7 11.3 5.6
P > F¶ NS NS <0.001 <0.001 NS

¶ P > F, probabilities beyond F values for treatment effects after ANOVA models.
a Grain harvested by self-propelled combine and adjusted to water content of 155 g kg−1.
b Within columns, means followed by the same letter are not significantly different according to Tukey HSD test (˛ = 0.05).
c CV, coefficient of variation.

A

1.0 1.5 2.0 2.5

G
ra

in
 (g

 D
M

 p
la

nt
-1

)

100

120

140

160

180

200 y = 51 + 48x
r2 = 89

B

1.5 2.0 2.5 3.0 3.5

y = 24 + 44x
r2 = 85

ovegro

h
C
n

N Utilization (g plant-1)

Fig. 1. Corn grain harvested by hand at growth stage R6 as a function of ab
A contrast test found that corn DMHI values were statistically
igher for UAN vs. manure treatments (CCUAN and CSUAN vs.
CSM and CCFM; P = 0.016; Table 2). Although not statistically sig-
ificant, NHI trended higher in the corn phase of corn–soybean
N Uptake (g plant-1)

und (A) N utilization and (B) N uptake. Each point is an experimental unit.
rotation (CSUAN) than in all other corn treatments (CCSM, CCFM
and CCUAN) (Table 2). As expected, NHI increased as both grain N
content and DM grain increased (Fig. 2) with Pearson correlations
of 0.67 and 0.65, respectively (Ps < 0.001).



G. Hernandez-Ramirez et al. / Europ. J. Agronomy 34 (2011) 190–195 193

Table 2
Corn yield and aboveground dry matter (DM) and nitrogen accumulation and partitioning (harvest index, HI) at growth stage R6 using liquid swine manure (M) or urea-
ammonium nitrate (UAN) as N source in corn cropped continuously (CC) or in rotation with soybean (CS). Each 2-yr treatment mean averaged 8 experimental units.

Treatment or statistic Yielda DM accumulation DMHI N accumulation N Uptake NHIb C/N ratio

Grain Residue Grain Residue Grain Residue

Mg ha−1 yr−1 kg ha−1 yr−1

2005
CCSM 9.9 9.2 bc 9.3 0.49 b 107 b 60 167 b 0.64 38 a 70
CCFM 9.1 10.5 ab 9.7 0.52 ab 144 a 63 207 ab 0.70 33 b 69
CCUAN 9.8 10.8 a 8.8 0.55 a 146 a 62 208 ab 0.70 33 b 64
CSUAN 10.4 10.7 a 9.2 0.54 a 153 a 65 218 a 0.70 31 b 64
Mean 9.8 10.3 9.3 0.53 137 63 200 0.68 34 67
P > F¶ NS ** NS ** ** NS * NS * NS

2006
CCSM 10.4 bc 13.2 a 10.7 0.55 183 a 66 250 a 0.73 32 70
CCFM 8.9 d 10.8 b 10.3 0.51 140 b 66 206 b 0.68 35 68
CCUAN 10.9 ab 12.4 a 10.9 0.53 171 a 74 245 a 0.70 33 63
CSUAN 11.7 a 12.6 a 10.0 0.56 175 a 64 239 a 0.73 32 69
Mean 10.5 12.3 10.5 0.54 167 68 235 0.71 33 68
P > F¶ *** ** NS NS ** NS * NS NS NS

2-yr mean
CCSM 10.1 a 11.2 a 10.0 0.53 145 bc 63 208 0.70 34 68
CCFM 9.0 b 10.7 b 10.0 0.52 142 c 65 207 0.69 34 68
CCUAN 10.3 a 11.6 a 9.9 0.54 158 ab 68 226 0.70 33 63
CSUAN 11.1 a 11.7 a 9.6 0.55 164 a 65 229 0.72 32 65
Mean 10.1 11.3 9.9 0.53 152 65 217 0.70 33 66
CV, % 5 4 5 3 5 11 6 3 4 12
P > F¶ ** ** NS NS ** NS NS NS NS NS

Contrast
UAN vs. Md * ** NS * ** NS ** NS NS NS
CC vs. CS * NS NS NS * NS NS NS NS NS

*,**,*** Significant at 0.05, 0.01, and 0.001 probability levels, respectively.
¶ P > F, probabilities beyond F values for treatment effects after ANOVA models.
a Grain harvested by self-propelled combine and adjusted to water content of 155 g kg−1. All other variables were measured after sample collection by hand at growth

stage R6.
b Aboveground N partitioning calculated as N harvest index [NHI = Ngrain/(Ngrain + Nr
c Within columns, means followed by the same letter are not significantly different acc
d M encompasses continuous corn under spring (CCSM) and fall (CCFM) liquid swine m
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Fig. 2. Aboveground nitrogen partitioning (NHI) as a function of dry matter (DM)
a
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utilization
ccumulation and N content in corn grain at growth stage R6. The area of the circles
orresponds to NHI values ranging from 0.61 to 0.79. Open and closed circles corre-
pond to experimental plots receiving manure and UAN as N source, respectively.

.2. N contents and C/N ratios
For the 2005 and 2006 data, grain N concentration was 7% higher
n CSUAN than in the average of the three continuous corn treat-

ents (CCUAN, CCSM and CCFM) with 14.1 and 13.2 g N kg−1 DM
rain, respectively (P = 0.037, data not shown). Grain N concen-
esidue)]
ording to Tukey HSD test (˛ = 0.05).
anure applications.

tration significantly correlated to DM grain on the basis of this
2-yr data (r = 0.56, P = 0.001). Although not statistically significant,
N concentrations in aboveground residue trended toward higher
values in CSUAN than in the average of our three CC treatments
(CCUAN, CCSM and CCFM) with 7.2 and 6.8 g N kg−1 DM, respec-
tively.

Within the corn residue fraction, we evaluated cobs separately
from the rest of residue parts (i.e., stalk, leaves, tassel, and husk).
Corn cobs were a near constant mass fraction of the entire above-
ground plant. Nine percent of aboveground plant DM and 5% of
aboveground plant N were allocated in the cobs. Corn cob regis-
tered a C/N ratio of 91 ± 6, while the rest of residue was 64 ± 2 (data
not shown).

As anticipated, C/N ratios in both SC canopy at growth stage
R5 and SC grain at harvest were narrow (15.9 ± 0.4 and 7.8 ± 0.1,
respectively); N contents in these two SC materials were 28.6 ± 0.8
and 65.1 ± 0.7 g N kg−1 DM, respectively. Aboveground DM in SC
at growth stage R5 averaged 11140 ± 620 kg DM ha−1 yr−1 with a
plant population count of 405 100 ± 16 200 plant ha−1, while SC
grain mass at harvest was 2890 ± 85 kg DM ha−1 yr−1.

4. Discussion

4.1. Distinguishing NHI and N uptake contributions to corn N
Of the partitioning parameters assessed, N utilization showed
the highest association with corn yield in this study. Correlation
analyses by Worku et al. (2007) in corn fields in Eastern Africa
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lso support the driving-role of N utilization on grain yield per-
ormance, particularly under low N fertilizer additions. Increasing

utilization values may be due to either larger N uptake or greater
artitioning of the uptake N into grain, or both. At plant maturity,
HI reflects this preferential allocation of N into grain. Using Eqs.

3) and (4) as well as treatment means (Table 2), we separated the
elative contributions of both NHI and N uptake to N utilization in
orn. On the basis of this relationship, N uptake accounts for 72%
nd NHI explains 28% of the difference in N utilization between
he highest and lowest N utilization across treatments. This anal-
sis suggests that N uptake is a greater contributor than NHI to
ncreasing N utilizations when comparing diverse N management
trategies. Differential soil N availability across treatments might
ave led to this greater impact of N uptake on N utilization in
ur study. Previous research has shown NHI parameter to be more
elated to plant species and genotype than to management and/or
ther environmental factors (Kumudini et al., 2001; Worku et al.,
007). Other plant physiological mechanisms may also drive N uti-

ization results. Source:sink ratio data by Tollenaar and Daynard
1982) and Rajcan and Tollenaar (1999) in corn and by Dordas
2009) in wheat can suggest varying N sink size during grain filling
tages as a partial explanation for preferential N translocation into
rain. Future studies can investigate temporal dynamics of interact-
ng N utilization components (N uptake and NHI) along with plant

remobilization as grain filling occurs in corn fields.

.2. N source effects on corn N partitioning and yield

Compared to manure treatments, UAN additions resulted in
nhanced N uptake and utilization which appeared to translate in
uperior corn yield performance (Tables 1 and 2). As also suggested
y Dauden and Quilez (2004), compared to soils receiving min-
ral N additions, most of N in manured soils could have been both
ostly immobilized and subject to a high demand by soil micro-

ial competition (Hernandez-Ramirez et al., 2009a). Therefore, corn
lants may have hypothetically acquired sufficient N for initial veg-
tative growth; however, reproductive growth could have been
estricted later in the growing season due to low soil N availabil-
ty. These inferences are consistent with Worku et al. (2007) who
ound increasing N uptake and N utilization after flowering as key
ontributors to enhanced yield performance across tropical maize
ybrids, particularly under soil N limiting conditions.

Irrespective of the N source, NHI trended to increase with both
rain N content and DM grain accumulation (Fig. 2). Overall, these
bserved patterns may suggest both the pronounced association
etween varying grain N contents and N partitioning as well as the
ubstantial contributing-role of NHI to yield gain. Also, it is note-
orthy that manured fields resulted in more variable NHI values

han fields receiving UAN (Fig. 2). This greater consistency in N par-
itioning where UAN was applied can indicate an enhanced yield
rediction ability for production systems under this N management
ompared to use of manure as N source.

Although DMHI values were near constant across treatments,
anured fields (CCSM and CCFM) slightly trended to diminish
MHI compared to fields receiving UAN (Table 2). Nonetheless,

hese observed narrow differences in DMHI (e.g., 0.52 vs. 0.55)
ay have a limited biological significance. However, these DMHI

atterns in our study captured tendencies similar to reports by
waw-Mensah and Al-Kaisi (2006) who concluded that commer-
ial N fertilizers generally produced a much greater DMHI (0.60)
han fall liquid swine manure (0.50) in corn fields fertilized at

arious N rates ranging from 85 to 250 kg N ha−1 yr−1. Conversely,
ther studies have found no differences in DMHI across varying N
ertilization management. Loecke et al. (2004) did not detect differ-
nces in DMHI (overall mean = 0.47) for corn as a response to fresh
s. composted swine manure, perhaps because of their high rate
. Agronomy 34 (2011) 190–195

of N application compared to our experiment (i.e., Loecke’s rate:
340 vs. our study: 255 kg N ha−1 yr−1). Likewise, data by Berenguer
et al. (2008) indicate no differences in DMHI (overall mean = 0.50)
for corn when using swine slurry and/or ammonium nitrate as N
source.

4.3. Effects of manure timing on corn N partitioning and yield

Although yield response to manure timing was variable across
individual experimental years (Tables 1 and 2), corn productivity
based on the 2-yr means (measured as both grain harvested by
hand and yield by combine; Table 2) was superior with spring vs.
fall manure additions during the later years of the experiment. As
for yield, manure timing was expected to cause a parallel effect
on N partitioning. However, based on the 2-yr means, N utiliza-
tion by corn appeared to be unaffected by manure timing (Table 2).
Nonetheless, detailed examination of this data by individual exper-
imental year revealed opposite effects of spring vs. fall manure
timing on N utilization across the years (i.e., CCFM > CCSM in 2005
and CCFM < CCSM in 2006; Ps < 0.05). These observed wide year-
to-year fluctuations in N utilization could be primarily caused by
variations in both manure characteristics and weather conditions
across the experimental years. Such inter-annual variations in corn
N partitioning parameters as a function of spring vs. fall manure
timing is not well documented in the existing literature. Further-
more, these general inferences are consistent with previous reports
for corn cropping systems receiving repeated spring manure addi-
tions under a broad variety of ecophysical conditions. After a 4-yr
experiment assessing combined fertilization with swine slurry and
ammonium nitrate in irrigated corn, data by Berenguer et al. (2008)
suggest, as in our study, ample inter-annual variations in par-
titioning parameters, N uptake, and productivity to take place
in partial association with varying manure properties. Similarly,
both Talarczyk et al. (1996) and Loecke et al. (2004) also reported
high year-to-year inconsistencies in corn yield responses and DM
partitioning when using spring manure applications. Similar to
our study, they attributed these results to variable cool-wet soil
conditions during certain early growing seasons thus limiting N
transformation and availability, and hence plant uptake.
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